The Wnts are a family of secreted glycoproteins involved in cell-cell signalling and pattern formation during development, although the extent to which various Wnts are functionally equivalent remains unclear. We have cloned zebrafish (Danio rerio) wnt4, characterized its expression, and compared its activity relative to other Writs. The wnt4 transcript is first detected early in somitogenesis, in the dorsocaudal region of the forebrain, and then appears in the dorsal and lateral regions of the caudal hindbrain and neural keel. During somitogenesis, wntcl appears in the floor plate, and this expression is absent in cyclops mutants, which lack floor plate. wnt4 is also expressed in the developing pronephros and gill slit. To characterize the biological activity of wnt4, synthetic zebrafish wnt4 mRNA was injected into embryos of zebrafish and Xenopus Iaevis. The phenotypic effects of misexpression in the zebrafish include cyclopia, misfolding in the brain, and an anteriorly forking notochord. Comparison of the phenotypes arising from misexpression of wnt4 and Xwnt-SA in both organisms suggests close parallels in the response to these Wnts. Our data suggest that wnt4, like Xwnt-SA, inhibits cell movements, and that these Wnts define a functional class distinct from the class which includes Wnt-1, Xwnt-3A and Xwnt-8.
Introduction
The Wnts are a family of genes which are important for pattern formation during development.
Wnt-1 was identified as a proto-oncogene whose activation by mouse mammary tumor virus insertion causes mammary tumors in mice (reviewed by Nusse and Varmus, 1992) . Involvement of the Wnts in pattern formation was suggested by the finding that Wnt-Z is the vertebrate ortholog of the Drosophila segment polarity gene wingless (Rijsewijk et al., 1987) , which is required for proper patterning within each embryonic segment (NiissleinVolhard and Wieschaus, 1980 ; reviewed by Hooper and Scott, 1992) . Mosaic analysis in Drosophila demonstrated that wingless functions non-cell autonomously (Morata and Lawrence, 1977; Wieschaus and Riggleman, 1986 ) and tissue culture experiments indicate that Wnts act in a paracrine fashion (Jue et al., 1992) . Consistent with a role in cell-cell signalling, the Wnts are secreted glycoproteins which associate with the extracellular matrix and the cell surface (Bradley and Brown, 1990; Papkoff and Schryver, 1990; Smolich et al., 1993) .
Misexpression experiments in Xenopus embryos have demonstrated that many Wnt family members share a common biological activity (reviewed in Moon et al., 1993b) . Injection of wingless, Wnt-1, Xwnt-3A, or Xwnt-8 mRNA ventrally into cleavage stage Xenopus embryos induces the formation of an ectopic Nieuwkoop center (Sokol et al., 1991; Smith and Harland, 1991) and consequent duplication of the embryonic axis (McMahon and Christian et al., 1991; Wolda et al., 1993) . This phenotype may be explained by the ability of these Wnts to dorsalize the response of early ventral cells to mesoderm-inducing factors ; reviewed by Kimelman et al., 1992) . Although none of these Wnts are expressed maternally, they mimic the activity of the recently described Xwnt-8b which is maternally expressed, and is thus the best candidate for playing a role in Nieuwkoop center signalling (Cui et al., 1995) . Later in development, the response of the embryo to misexpression of these Wnts changes.
Dorsal misexpression of Xwnt-8 from a constitutive promoter transcribed after midblastula transition yields a ventralized embryo lacking notochord and head structures (Christian and Moon, 1993) . As the endogenous Xwnt-8 gene is normally expressed in ventral mesoderm at about the time this ventralizing activity is observed, the normal role of Xwnt-8 is likely to be in a pathway promoting the formation of ventral mesoderm. Both the dorsalizing and the ventralizing effects of members of the Wnt-I class on embryonic development can be mimicked by LiCl treatment at early or later stages, respectively, suggesting that these Wnts act through an inhibition of the PI signalling pathway (reviewed in Moon, 1993) .
In contrast to the effects of misexpression of the Wnt-l class, ventral injection of Xwnt-5A mRNA into Xenopus embryos has little effect. Dorsal injection of Xwnt-SA mRNA leads to complex head and tail deformities and a shortened body axis which still contains a notochord (Moon et al., 1993a) . The same phenotype is obtained by misexpressing Xwnt-SA from a plasmid construct, starting at midblastula transition (Moon et al., 1993a) . Misexpression of Xwnt-SA inhibits the activin-induced extension of animal caps (Moon et al., 1993a) , suggesting that the embryonic phenotype may be caused by changes in morphogenetic movements.
Recent data indicate that
Xwnt-4 and Xwnt-11 share biological activity with Xwnt-5A in these assays (Du et al., 1995) . Little is known about the downstream signalling effects of this class of Writs.
In this study, we report the cloning of zebrafish wnt4 and show that it is expressed in the caudal forebrain and neural keel, the floor plate, the gill slit, and the developing pronephros. To study the activity of wnt4, we have injected synthetic zebrafish wnt4 mRNA into zebrafish and Xenopus embryos. The injections into zebrafish give rise to cyclopic embryos with misfolded brains, anteriorly forking notochords, and other reproducible abnormalities. We compare the consequences of misexpressing zebrafish wnt4 and Xwnt-5A in both zebrafish and Xenopus and find close parallels in the response of both species to these Writs. We provide evidence that the mechanism which gives rise to these phenotypes involves an inhibition of cell movements. Our data support the idea that wnt4 and Xwnt-SA are members of an evolutionarily conserved functional class of Wnts which is distinct from that of Wnt-I.
Materials and methods

Zebrafish stocks
Wild-type zebrafish, Danio rerio (Ekkwill Waterlife Resources) were maintained at 28.5'C and embryos were collected from natural spawning. cyclopsbz6 heterozygotes were kindly provided by R. Riggleman. Embryos were cultured at 28YC in 0.25X Holtfreter's medium.
Cloning
Embryonic zebrafish total RNA was prepared and oligo dT-primed cDNA was synthesized in vitro. Partial length zebrafish wnt cDNAs were amplified by PCR using degenerate primers (7A and 266; see Wolda and Moon, 1992) complementary to conserved Wnt sequences and analyzed by dideoxy sequencing using Sequenase (US Biochemicals). A random primed 32P-labelled probe made from a zebrafish wnt4 PCR fragment was used to screen 1.6 X lo6 plaques of a zebrafish post-somitogenesis I-zap cDNA library (gift of R. Riggleman, K. Helde and D. Grunwald), and two positive clones (cDNAs 6B and 14A) were identified. A 1274 nt NsiI fragment from cDNA 6B, containing the full coding region of 1056 nt (Genbank Accession Number U25141), was subcloned into the PstI site of pGEM4z (pGEM4z-wnt4). All reading frames were closed 5' to the putative start site. The GCG programs Bestfit and Pileup (Devereux et al., 1984) were used for protein sequence comparisons.
Northern blotting
Total RNA was prepared (Chomczynski and Sacchi, 1987 ) from zebrafish of various stages and polyA+ selected on oligo dT cellulose columns (Ausubel et al., 1987) . Ten micrograms of polyA+ RNA from each stage was electrophoresed on a formaldehyde-agarose gel and blotted onto Nytran. The blot was hybridized at 42'C in 50% formamide with 32P-labelled DNA probe made from pGEM4z-wnt4, washed at 65°C in 0.1 X SSC 0.1% SDS, and exposed for 2 days. As a control for equal loading, the blot was stripped and reprobed for the constitutively expressed zebrafish max gene (Schreiber-Agus et al., 1993; gift of R. DePinho).
In situ hybridization and histology
Digoxigenin-labelled zebrafish wnt4 antisense or control sense RNA probes were transcribed in vitro from pGEM4z-wnt4 as described by Harland (1991) except that probes were hydrolyzed for only 10-15 min and carrier tRNA was then added to the precipitation. Embryos were fixed in 4% paraformaldehyde in PBS, dechorionated manually, washed in PBS containing 0.1% Tween (PBST) 4 X 10 min, rinsed in water, permeabilized 8 min in acetone at -2O"C, and washed 3 X 10 min in PBST. Embryos were prehybridized at 60°C for 10 min and then 1 h in hybridization buffer (Harland, 1991) , and hybridized overnight at 60°C in hybridization buffer containing 1-2pg/pl probe. Embryos were washed 10 min at 62°C in 1:l hybridization buffer: 2X SSC containing 0.1% CHAPS, 10min at 62'C in 2~ SSC 0.1% CHAPS, 3 x 45 min at 62'C in 0.2~ SSC 0.1% CHAPS, 10 min in PBST, and 15 min in PBT (PBS 2 mg/ml BSA, 0.1% Triton X-100). Embryos were blocked for 1 h in PBT + 20% goat serum, incubated overnight at 4°C in PBT + 20% serum with 1:2000 alkaline phosphatase sheep anti-DIG antibody (Boehringer Mannheim), washed 4 X 30 min in PBST, and stained as described by Harland (1991) except that levamisole was not used. The reaction was stopped by replacing the staining solution with methanol. In situ labelled embryos were mounted in Murray's Clear (2:l benzyl benzoate/benzyl alcohol) and examined using Nomarski DIC optics. Unlabelled embryos were mounted in 50% glycerol. For histological examination, embryos were embedded in paraffin and sectioned at 6-8 ,LLM (Kelly et al., 1991) .
Misexpression of wnt4
The 1274 nt NsiI fragment containing the full coding region of zebrafish wnt4 was cloned as an EcoRV-SpeI fragment into the expression vector pT7TS (gift of A. Johnson and P. Kreig). This vector adds Xenopus luevis /l-globin 5' and 3' untranslated sequences. Capped mRNA was synthesized using the mMessage mMachine transcription kit (Ambion). We confirmed that the zebrafish wnt4 cDNA encodes a protein of the predicted size by translating the mRNA in a message-dependent rabbit reticulocyte lysate (Moon et al., 1985) , which yielded a single product comparable in mobility to the predicted mass of 39 386 Da. For Xenopus Zaevis injections, the mRNA was suspended in glass-distilled water at 50 or 100 ng/,l and injected into the two dorsal blastomeres of 4-cell stage embryos near the marginal zone (approximate dose 0.2 and 0.4 ng; Moon and Christian, 3. Results and discussion
Cloning of zebrafish wnt4
We used degenerate primers complementary to conserved regions of the Wnt gene family to amplify a partial length zebrafish wnt4 cDNA, which was then used as a probe to obtain two cDNA clones. One of these contains an open reading frame which encodes a protein of 352 amino acids. We identified the predicted protein as zebrafish wnt4 since it shares approximately 82% identity and 92% similarity with Xenopus, mouse, and chicken Wnt-4 proteins ( Fig. 1) (Gavin et al., 1990; McGrew et al., 1992; Yoshioka et al., 1994) but significantly lower identities (39-50%) and similarities (58-66%) to other Wnts.
As with other known Writs, zebrafish wnt4 encodes an amino terminal hydrophobic domain, which has been shown to function as a signal sequence for secretion of these proteins Moon, 1989, Bradley and Brown, 1990; Papkoff and Schryver, 1990; Smolich et al., 1993) . The predicted signal sequence cleavage site (von Heijne, 1986 ) is indicated by an arrow in Fig. 1 . Zebrafish wnt4 shares two conserved potential N-linked glycosylation sites and 24 cysteines with other Wnt-4 proteins ( Fig.  1 ). These cysteines are characteristic of the Wnt family (Gavin et al., 1990; Christian et al., 1991a; Wolda and Moon, 1992) .
Expression of zebrafish wnt4
To examine the relative abundance and size of the wnt4 transcript during development, we hybridized a Northern blot of poly A+ RNA isolated from zebrafish of select developmental stages with a probe made from the coding region of wnt4. Zebrafish wnt4 transcript is not detected before the midblastula transition (Fig. 2) . A 3.2 kb transcript appears during somitogenesis, and is most abundant during that time (Fig. 2, arrow) . It is detectable at very low levels through the rest of embryonic development and in the adult.
We next characterized the spatial expression of wnt4 using whole mount in situ hybridization.
The wnt4 transcript is first detected at about 11 h in the caudal part of the forebrain, near the forebrain-midbrain boundary ( Fig.  3A) and is localized dorsally (see Fig. 3F ). This expression overlaps substantially with that of pax6 (Krauss et al., 1991b; Piischel et al., 1992) . The dorsal part of the wnt4 expression domain expands posteriorly into the dorsal midbrain during somitogenesis (Fig. 3F) .
Soon after its appearance in the forebrain, wnt4 expression appears in the posterior hindbrain (Fig. 3B ) and spreads caudally along the lateral and dorsal neural keel during the next hour or two of development, stopping short of the tailbud. To locate the anterior margin of the hindbrain labelling, we double labelled embryos with wnt4 and krox20 probes, the latter being strongly expressed in rhombomeres (r) 3 and 5 (Oxtoby and Jowett, 1993) . The lighter wnt4 labelling is seen immediately posterior to r5 (Fig. 3D) , indicating that the anterior margin of the wnt4 hindbrain-neural keel labelling lies in r5 -28s
4 wnt4 -18s Lower panel: the blot was stripped and reprobed with zebrafish rn~l_x as a loading control. The I .9 kb zebrafish recut transcript is expressed at relatively uniform levels throughout embryonic development, except for reduced abundance at 12-20 h (Schreiber-Agus et al., 1993). or at the r5-r6 boundary. The wnt4 neural tube expression has largely disappeared by 24 h and is not detected at 36 h. At about 13 h, wnt4 is detected in or near cells which Fig. 3 . Zebrafish wnt4 expression during embryonic development, wnt4 transcript was visualized by in situ hybridization. C6ntrol embryos labelled with the sense strand zebrafish wnt4 RNA probe did not show specific labelling (data not shown). Staging is according to Westerfield (1989) we identified as the caudal developing pronephros (Fig.  3C ) by comparison to pax2 labelling (Krauss et al., 1991a) . Also at about this time, a narrow row of cells lateral to r2-4 begins to express wn?4 (Fig. 3E , about 17 h). wnr4 transcript is still present at 36 h in the presumed descendants of these cells, found at the opening of the gill slits (Fig. 3H) .
At about 12.5 h, wnr4 transcript is first detected in the floor plate. Floor plate labelling is still present at 24 h (Fig. 3G ) but is not detected at 36 h. In the zebrafish, the anterior end of the floor plate is thought to lie at the midbrain-forebrain boundary (Hatta et al., 1991a) . The expression patterns of the zn-5 antigen (Hatta et al., 1991) aria/ (Strahle et al., 1993) sonic hedgehog (shh, Krauss Embryos were injected at the 1-8 cell stages with wnt4 mRNA. Control embryos were injected with luc.2 mRNA and showed wild-type expression patterns. Anterior is left. (A) pax2 expression in a wild-type embryo at 24 h; dorsal view. Note the pm2 expression and constriction at the midbrain-hindbrain boundary (asterisk) relative to the hindbrain. pux2 is also expressed in the otic vesicles (ot). (B) pax2 expression in a wnt4 mRNA-injected embryo at 24 h; dorsal view. pux2 is expressed at the midbrain-hindbrain boundary (asterisk) although no constriction is formed. The otic vesicles (ot) also label normally for ~~7x2, which appear far more laterally than in wild-type. This embryo also exhibits an anteriorly forked notochord (nc). (C) krox20 expression in a wild-type embryo at 24 h; dorsal view. Labelling is seen in rhombomeres 3 and 5. (D) krox20 expression in a wnt4 mRNA-injected embryo at 24 h, dorsal view. Three domains of krrx20 expression arc present on one side (arrowheads) of this embryo. A single eye (e) is evident. (E) F-spondin expression in a wild-type embryo at 26 h, lateral view. F-spondin is expressed in the floor plate, caudal to the midbrain-forebrain boundary. (F) F-spondin expression in a wnt4 mRNA-injected embryo at 26 h, lateral view. The F-spondin labelling appears to extend caudally from the forebrain-midbrain boundary as in wild-type. Abbreviations: 3, rhombomere 3; 5, rhombomere 5; e, eye; fp, floor plate; nc, notochord; ot, otic vesicle; t, telencephalon. Asterisk indicates the midbmin-hindbrain boundary. Bar = 50,~M.
et al., 1993), and F-spondin (Fig. 5E , Klar et al., 1992) support this interpretation. In contrast, wnt4 is expressed only in floor plate cells caudal to approximately r5, roughly coinciding with the anterior extent of the notochord.
The spatial expression of wnr4 is fairly well conserved across species. Like zebrafish wnt4, Xenopus (McGrew et al., 1992) and mouse (Parr et al., 1993) . Wnt-4 is expressed in the floor plate and the dorsal part of the neural tube, although in the zebrafish, the dorsal neural tube expression extends more ventrally. Zebrafish wnt4 is expressed dorsally in the forebrain near the midbrain, as are Xenopus and mouse Wnt-4 (McGrew et al., 1992; Parr et al., 1993) . In the chicken, Wnr-4 is expressed more anteriorly in the forebrain, in neuromere D2 (Yoshioka et al., 1994) . In the mouse, Wnt-4 is expressed in mesonephric mesenchyme adjacent to the mesonephric duct and in aggregating mesenchymal cells adjacent to the ureteric bud throughout tubular morphogenesis; this expression is required for the formation of pretubular aggregates in the developing kidney (Stark et al., 1994) . Mouse Wnt-4 is also present at low levels in the limb bud ectoderm (Parr et al., 1993) . It is possible that our analysis failed to detect expression in the fin bud.
wnt4f2oor plate expression is absent in cyclops mutant embryos
To address whether wnt4 expression in the floor plate is position-specific (to the ventral part of the neural tube), or cell-type specific, we examined the expression of wnt4 in cyclops (cyc) mutants. In embryos homozygous for the cyc mutation, floor plate cells fail to differentiate, and transplantation studies indicate that they fail to receive an inductive signal from the notochord (Hatta et al., 1991) . In cyc mutants, wnt4 transcript never appears along the ventral midline of the neural keel (Fig. 31 and data not shown), indicating that this wnt4 expression requires induction of the floor plate cell type, which presumably occurs prior to the normal onset of wnt4 expression at 12.5 h. We did not detect any other changes in the pattern of wnt4 expression.
Misexpression of wnt4 in zebrafish embryos
To begin to investigate the activities of wnt4 in zebrafish embryogenesis, we misexpressed wnt4 by injecting synthetic wnt4 mRNA into a single blastomere at the l-8 cell stage. This injection method yielded embryos containing wnt4 mRNA that was mosaically but fairly evenly distributed along the embryonic axis, and detectable above the level of endogenous wnt4 mRNA during early somitogenesis.
A dorsal view of a representative embryo is shown in Fig. 4A . We attribute the widespread distribution of injected mRNA to the presence of cytoplasmic connections between blastomeres of the zebrafish embryo (Kimmel and Law, 1985) and to the extensive cell mixing that occurs during the cleavages prior to gastrulation (Kimmel and Warga, 1987; Warga and Kimmel, 1990; Helde et al., 1994) . By 24 h, the amount of injected wnt4 mRNA present appears greatly reduced, as monitored by in situ hybridization (data not shown).
At 26 h, the wnt4 mRNA-injected embryos exhibit a complex but characteristic phenotype. This phenotype is specific to wnt4 as injection of similar doses of 1acZ mRNA resulted in normal embryos (this study; Kelly et al., 1995; Ekker et al., 1995) . Moreover, this phenotype is distinct from the dorsalized phenotype obtained by injection of mRNAs encoding zebrafish wnt8 or wnt8b into zebrafish embryos (Kelly et al., 1995) which resembles that produced by early LiCl treatment (Stachel et al., 1993) .
When compared to wild-type embryos (Figs. 4B,C) wnt4 mRNA-injected embryos have fused eyes (Fig. 4D) .
The ventral diencephalon appears to be folded and the telencephalon is displaced dorsally. The hindbrain has characteristic hairpin folds near the otocyst, which reduce the distance from the anterior edge of the otocyst to the posterior edge of the eye by about 30%. In some embryos, the two sides of the hindbrain are separated laterally and these hairpin folds occur at the most lateral position (seen in Fig. 5D ). The notochord is thickened at a point in the trunk and anterior to this point it may fork in a Y-shape (seen in Fig. 5B ) or become displaced from the midline. The laterally separated hindbrain is usually seen in association with the more severe notochord defects. The trunk and tail of wnt4 mRNA-injected embryos are also shortened (data not shown). Regarding the incidence of these defects, 21% (n = 420) of the wnt4 mRNAinjected embryos were cyclopic; all of these had severe brain abnormalities. An additional 26% were not cyclopic but displayed brain abnormalities such as misfolding or laterally displaced hindbrains, and 29% had shortened axes. None of the control embryos injected with 1acZ mRNA showed brain abnormalities, while 10% (n = 118) had shortened axes.
To investigate the structure of the grossly disorganized hindbrain in wnt-4 mRNA-injected embryos, we examined the expression of pax2, which is expressed in the cells forming the constriction at the midbrain-hindbrain boundary ( Fig. 5A and Krauss et al., 1991a) . Despite the displacement and misfolding of the hindbrain, cells at the midbrain-hindbrain boundary express pax2 (Fig. 5B) . We also examined krox20, whose wild-type expression in r3 and r5 is shown in Fig. 5C . In many embryos injected Fig. 6 . Misexpression of zebrafish wnf4 affects cell movements. Embryos were injected at the 1-8 cell stages with wnt4 mRNA. Control embryos were injected with 1ucZ mRNA and showed wild-type expression patterns. Anterior is left. (A) par2 expression in a lacZ mRNA-injected embryo at 10.5 h; dorsal view showing ~7~x2 expression at the prospective midbrain-hindbrain boundary (asterisk). (B) pux2 expression in a wnt4 mRNA-injected embryo at 10.5 h; dorsal view showing ~(1x2 expression at the prospective midbrain-hindbrain boundary (asterisk). Cells on the left side of the embryo (bottom) have not converged as far as those on the right side (top), and the extension of the more lateral cells also appears to be delayed. (C) krox20 expression in a wild-type embryo at 12 h; dorsal view. Labelling is seen in prospective rhombomeres 3 and 5. (D) krox20 expression in a wnt4 mRNAinjected embryo at 12 h; dorsal view. Labelled cells in prospective rhombomeres 3 and 5 on the left side of the embryo (bottom) have not converged or extended as far as those on the right side (top). Rhombomeres 3 and 5 appear to be fused near the midline. (E) krox20 expression in a wnt4 mRNAinjected embryo at 10.5 h; dorsal view. This is the most extreme case observed; the krox20 labelling extended completely around the ventral side of the embryo. (F) pax2 expression in wild-type embryo at 12.5 h; rostra1 view showing expression in the optic stalks (OS). (G) pux2 expression in a wnt4 mRNA-injected embryo at 12.5 h; rostra1 view showing fused expression in the optic stalk region (OS). Cells at the midbrain-hindbrain boundary (asterisk) have not fully converged. (H) shh expression in a wild-type embryo at 14 h, lateral view. Open triangle indicates the dorsal extension of shh expression in the mid-diencephalon.
Solid triangle indicates shh expression in the anterior diencephalon. (I) shh expression in a wnt4 mRNA-injected embryo at 14 h. lateral view. Open triangle indicates dorsal extension of mid-diencephalon shh expression. Solid triangle indicates the lack of shh staining in the most anterior part of the diencephalon. It is not established whether these cells failed to extend beyond the labelled region, are missing or are not expressing shh. Abbreviations: 3, rhombomere 3; 5, rhombomere 5; nc, notochord; OS, optic stalk. Asterisk indicates the midbrain-hindbrain boundary. Bar = 50yM. with wnt4 mRNA, krox20 appeared to be expressed norcells of the prospective midbrain-hindbrain boundary mally within the context of the disorganized brain. How-(control, Fig. 6A ) is altered in wnt4 mRNA-injected emever, some embryos displayed abnormal krox20 expresbryos (Fig. 6B) such that staining appears far more latsion suggestive of a disruption in the rhombomere strucerally and posteriorly than in wild-type. These alterations ture (Fig. 5D, arrowheads) .
sometimes occur on one side and not the other, presumaTo further explore the basis of these phenotypes, we bly as a result of asymmetric distribution of injected studied wnt4 mRNA-injected embryos at the end of gasmRNA, which is sometimes found along the axis midline trulation and during early somitogenesis.
Fate-mapping and primarily to one side ( Fig. 4A and Ekker et al., 1995) . shows that cells of the hindbrain converge from a very
The asymmetry of pax2 labelling indicates that the lateral position during gastrulation . change in staining pattern is not due simply to a developThe normal expression pattern of pax2 in the converging mental delay. The converging krox20 labelled cells (wild-type, Fig. 6C ) are also displaced laterally in wnr4 mRNAinjected embryos (Fig. 6D ) and sometimes the domains of expression in r3 and r5 are fused to each other near the midline (Fig. 6D ). In the most extreme cases in wnt4 mRNA-injected embryos, pax2 staining was detected almost entirely around the embryo (data not shown), and krox20 labelling extended in two evenly spaced stripes completely around the embryo (Fig. 6E ). Using shh (Krauss et al., 1993) as a marker at early somitogenesis, we observed a shortened, widened ventral neural midline and anterior forking in the notochord (data not shown).
The altered position of cells as revealed by these markers suggests that the later phenotype of wnt4 mRNA-injected embryos arises from an inhibition of convergence and extension movements. Poorly coordinated convergence and extension movements could produce a forking or improperly positioned notochord. Reduced convergence movements could lead to laterally separated brain structures and failure to properly extend might lead to misfolding. Reduced cell movements would also be expected to cause a shortened body axis (Keller et al., 1985; Keller, 1987) . The normal expression of wnt4 in the floor plate is of particular interest as the floor plate is the source of signals for ventral neural patterning and axon guidance. Floor plate cells also produce a contact-dependent homeogenetic signal which induces other floor plate cells (reviewed by Jesse11 and Dodd, 1993) and shh is a candidate for this signal (Echelard et al., 1993; Krauss et al., 1993) . To investigate whether wnt4 is also involved in homeogenetic signalling, we examined the floor plate markers F-spondin (wild-type, Fig. 5E ) and shh (wild-type, Fig. 6H ). As injection of wnt4 mRNA did not induce ectopic dorsal expression of either F-spondin (Fig. 5F ) or shh (Fig. 61) , we conclude that wnt4 is not a good candidate for a homeogenetic signal.
wnt4-induced cyclopia
To investigate the cyclopia of wnf4 mRNA-injected embryos, we examined pax2, which is expressed in the anterior and ventral part of the optic vesicle during the early stages of eye development (Fig. 6F) , and is later restricted to the optic stalk (Krauss et al., 1991a) . Analysis of cyclopia in cyc mutant zebrafish has shown that pux2 labelling in the optic stalk region is weak and fused ventromedially (Hatta et al., 1994; Ekker et al., 1995) . wnt4 mRNA-injected embryos have a somewhat reduced, medially fused domain of pax2 expression (Fig. 6G) . In cyc mutants, ventral midline cells are missing, and cyclopia is proposed to result from the absence of a neural patterning function normally provided by these cells (Hatta et al., 1994) . In contrast, in cyclopic wnt4 mRNAinjected embryos, many of the ventral midline cells are present; caudal to the forebrain-midbrain boundary these cells are identifiable by F-spondin expression (Fig. 5F ) and rostra1 to this point the ventral midline appears morphologically to continue in the forebrain (compare Figs. 5F and 4D). In wild-type embryos (Fig. 6H) , shh is expressed in ventral neural structures, extending dorsally in the mid-diencephalon (open triangle) and to a lesser extent, in the anterior diencephalon (solid triangle). In wnt4 mRNA-injected embryos, shh labelling is absent from the most anterior region of the diencephalon (Fig. 61, solid  triangle) . The more dorsal region of shh expression (open triangle, Fig. 61 ) may correspond to the shh-expressing cells of the mid-diencephalon (open triangle, Fig. 6H ) as we have not observed such a pattern with F-spondin, which is strictly ventral in wild-type embryos. It is possible that the most anterior cells of the ventral midline are absent or simply not expressing shh. However, given the inhibitory effects of wnt4 on extension movements it seems most likely that these anteriormost cells failed to extend properly and correspond to the shh-expressing cells anterior to the open triangle in Fig. 61 . How might the presence of ventral neural cells in wnt4 mRNAinjected cyclopic embryos be reconciled with the cyc data suggesting that cyclopia is caused by an absence of ventral neural signalling? We speculate that, if the patterning function provided by cells of the ventral midline is spatially restricted, then in wnt4 mRNA-injected embryos, the reduced convergence and extension movements could position the prospective eye fields unusually far away from the relevant ventral midline cells and thereby disrupt reception of a spatially restricted patterning signal, causing cyclopia.
3.6. wnt4 and Xwnt-5A share a common biological activity in zebrafish and Xenopus
The phenotype obtained by misexpressing wnt4 in zebrafish resembles that obtained by misexpressing Xwnt-5A in Xenopus. In both cases, embryos display fused eyes, a shortened body axis, and a notochord with an enlarged 'bulb', anterior to which the notochord forks or is displaced from the midline (this study and Moon et al., 1993a) . At the neurula stage, Xwnt-SA-injected Xenopus embryos display a lateral fold in the hindbrain region of the neural tube, which fails to close at this point (see Fig.  4B in Moon et al., 1993a) . This fold is similar to the hairpin folds in the hindbrain of wnt4 mRNA-injected zebrafish (Figs. 5D and 4D ). These parallels raised the possibility that wnt4 and Xwnt-5A share a common biological activity. To directly compare the phenotypes, we injected zebrafish wnt4 mRNA into the dorsal two blastomeres of four-cell Xenopus embryos. These embryos developed a phenotype like that described above for Xwnt-.5A (data not shown). While injected Xwnt-4 mRNA was originally reported not to lead to abnormalities in Xenopus embryos (McGrew et al., 1992) , an Xwnt-SA-like phenotype has also recently been obtained using Xwnt-4 mRNA modified by removal of all Xwnt-4 untranslated sequence (Du et al., 1995) . Thus, misexpression of Xwnt-4, Xwnt-SA, and zebrafish wnc4 in Xenopus reveals a common activity of these Writs. To test whether this common activity was also evident after misexpression in zebrafish, we injected Xwnt-5A mRNA into zebrafish embryos (Fig. 4E ) and observed effects indistinguishable from the wntll misexpression phenotype, at comparable frequencies.
In Xenupus embryos, injection of Xwnt-5A is thought to affect cell movements since it reduces the mixing of cells during gastrulation (Moon et al., 1993b) . Moreover, ectopic expression of Xwnt-5A (Moon et al., 1993a) and Xwnt-4 (Du et al., 1995) both block activin-induced elongation of blastula caps without altering cell fates. Our analysis complements these studies by directly demonstrating that following gastrulation, the position of cells in wnt-# mRNA injected embryos is greatly altered from the wild-type pattern, in a manner consistent with inhibition of their convergence and extension movements. Taken together, these data suggest a role for wnt4 in regulating cell movements during morphogenesis.
We note that misexpressed wnt4 affects morphogenesis prior to the time the endogenous wnt4 gene is normally expressed. The most likely explanation for these effects is based on evidence that embryos can respond to ectopic wnt signals much earlier than the expression of the endogenous wnt (see Introduction).
Thus we propose that injection of wnt4 mRNA activates a receptor-mediated signalling pathway which may be utilized by multiple wnts and that this wnt pathway may be involved in regulating morphogenetic movements at various times in development.
Functional classes of vertebrate Wnt genes
Misexpression of Wnts in Xenopus and zebrafish embryos has revealed two Wnt activities to date. One class comprises Wnts whose activity in both organisms can be mimicked by LiCl (Kao et al., 1986; Stachel et al., 1993) . Initially defined by mouse Wnt-J activity (McMahon and Moon, 1989) , this class includes Xenopus and zebrafish wntl (R.T.M. and G.M.K, unpublished observations), Xwnt-3A (Wolda et al., 1993 ) -8 (Christian et al., 1991 and -8b (Cui et al., 1995) , and zebrafish wnt8 and wnt8b (Kelly et al., 1995) . The second class of Wnfs perturbs morphogenetic movements in a variety of assays, and includes Xwnt-5A (Moon et al., 1993a,b) , -JJ and -4 (Du et al., 1995) and zebrafish wnt4 (this study).
Differences in the ability of mouse Wnfs to transform C57MG mouse mammary epithelial cells are consistent with the above classification.
Wnt-I, -3A, and -7A are highly transforming, while Wnt-4, -5A, and -6 have little transforming activity (Wong et al., 1994) . While lack of activity is inadequate to define a functional class, both wnt4 and Xwnt-SA do fall into the same class in our assays, where they share a demonstrable activity. Based on an intermediate level of transforming activity, Wong et al. (1994) have proposed the existence of a third class of Wnt
function, comprising
Wnt-2, -5B and -7B. As none of these Wnts have yet been compared through a misexpression assay in embryos, it is unclear whether their intermediate level of transforming activity indeed represents a novel class of Wnt activity. The description of in vivo assays for defining wnt activity in the zebrafish for the wnt4 class (this study) and the wntJ class (Kelly et al., 1995) may facilitate testing if these wnts form a third functional class in the developing embryo.
Elements of the wingless signalling pathway in Drosophila have been conserved in vertebrates, and function in the signalling pathway activated by members of the Wnt-J class (reviewed in Siegfried and Perrimon, 1994; Pierce and Kimelman, 1995) . As little is known about the downstream effects of the wnt4 and 5A class, our analysis of their activities when misexpressed in the zebrafish should aid the identification of downstream targets of these signalling factors.
